We have stripped small (3 x 3 mm) fields of the upper and the opposite lower epidermis of Commelina benghalensis leaves. Pectinase treatment of the resulting chlorenchyma windows produced free-lying viable minor veins with small lumps of mesophyll cells attached. These veins were still connected with the intact remainder of the leaf. Fluorescent dyes were injected into mesophyll cells or mestome sheath cells. Continuous following of the dye from the moment of injection and use of the simple vein system allowed an unhindered and precise assessment of the cell-tocell route of dye transfer. Disodium fluorescein and Lucifer Yellow CH injected into mesophyll or mestome sheath cells readily moved to the sieve tube. This symplastic dye transfer from mesophyll to sieve tube was also observed after injection into unmacerated stripped leaf tissue. The displacement of fluorescent dyes substantiates a symplastic continuity between mesophyll and sieve tube and therefore supports the possibility of symplastic phloem loading.
Two concepts have been advanced for the route of phloem loading in leaves (2, 6, 10) . One includes an apoplastic step at an unknown place in the path between mesophyll and sieve tube/companion cell complexes. The second assumes a completely symplastic loading pathway of sugars and amino acids. The main anatomical prerequisite for such a symplastic route is the presence of numerous plasmodesmata in all cell walls perpendicular to the avenue of assimilates. To be functional in symplastic loading, these plasmodesmata should allow cell-tocell transport of solutes of a Mr up to 800 D, the maximal Mr of transport sugars and amino acids.
Injection of hydrophilic fluorescent dyes of low Mr was employed to demonstrate that the plasmodesmata are involved in cell-to-cell transport (3, 7) . Movement of such dyes indicates cell-to-cell movement of solutes in vivo. The technique has been applied before to assess the path ofloading (5, 8) . Those injections into stripped leaf tissue (5, 8) demonstrate a symplastic connection between mesophyll and minor vein. However, the exact cellular location of the dye within the vein (mestome sheath, phloem parenchyma, sieve tubes?) was hard to discern, since the band of fluorescence was as wide as or even wider than the minor vein (5, 8) . To prove symplastic transfer from mesophyll to sieve tube, the arrival of the fluorescent dye in the sieve tube must be ascertained.
For this purpose, minor veins of Commelina benghalensis leaves were partly isolated by enzymic maceration and used for intracellular dye injection. In complementary work, unmacerated stripped leaf tissue was employed for injection. In contrast to earlier experiments (5, 8) For dye injection into unmacerated leaf tissue, only the lower epidermis was stripped. Immediately after stripping the leaf pieces were bathed for 60 min at room temperature in the above buffer solution prior to impalement and dye injection in the same buffer solution.
Glass Electrodes. With a home-made electrode puller glass electrodes with an inner filament were manufactured from glass capillaries (outside diameter 1.55 mm, GC150, WPI). The electrode tips were back-filled with 1% w/v disodium fluorescein or Luciter Yellow CH solutions in distilled water and checked for the absence of air bubbles. The rest of each electrode was filled with 3 M LiCl solution in distilled water. The electrodes had an inner resistance of 50 to 100 Mg. by a micromanipulator. The electrode was inserted into a mesophyll or mestome sheath cell. Iontophoresis was started when the membrane potential remained constant for several minutes at values around -150 mV. Subsequently, the dye was driven into the cell by a pulse generator (0.2-0.4 Hz; 2-10 nA) for 30 s to 3 min. The electrode was withdrawn from the cell and the tissue was rinsed with distilled water. The minor veins were constantly observed with a fluorescence microscope equipped with a FITC filter, set with an excitation wave length between 490 and 495 nm and an emission wave length between 520 and 530 nm.
RESULTS AND DISCUSSION
Prior to each injection, the macerated regions were examined by microscopy in order to explore the area to be punctured. Of most minor veins, the mestome sheath was undamaged and viable (1 1) and the connection with the unmacerated part of the tissue was intact. We selected minor vein areas without mesophyll cells apart from a few scattered lumps. A further criterion for selection was that mestome sheath cells, xylem vessel, vascular parenchyma cells, and sieve tubes were discernible (Fig. 1) . The latter selection criteria also held for unmacerated stripped leaf tissue.
Viewed under fluorescence, only the chloroplasts in mesophyll and mestome sheath showed brightly red autofluorescence in control tissue. The cell walls did not exhibit the yellow autofluorescence frequently occurring in lignified tissues. Control dye injection into vessel lumina showed that the walls and the helical thickenings of the xylem vessels strongly adsorbed fluorescent dyes. The appearance of bright yellow helices in the sample was therefore a signal for accidental extracellular injection or burst of the injected cell during iontophoresis. '1 ..~~4~.
The membrane potential (approximately -150 mV at the moment of electrode insertion) sometimes depolarized during the injection period. This symptom of plasmamembrane damage was probably due to the high Li-concentration rather than to the effect of disodium fluorescein which is nontoxic as indicated by the persistence of cytoplastic streaming after application of this dye (1) . The fluorescent dyes were iontophoretically driven into the cell. The dye filled the cell completely and moved to neighboring cells with preference for the minor vein elements. The experimental procedure allowed ready following of the cell-tocell route of the dye. Projection of fluorescence pictures on control (light microscope) photographs enabled us to assess the site of dye accumulation.
Dye injected into a mesophyll cell immediately spread to other mesophyll cells and a number of adjacent mestome sheath cells. We observed, after 2 to 5 min, a small bidirectional track of fluorescence emerging out of the collar of fluorescent mestome sheath cells. Apparently, the dye was transferred to a system through which it proceeded at a longitudinally higher speed than in the mestome sheath. The width of this fluorescent trace was about 4 ,m. The dye reached the major parallel veins in about 5 min. The same sequence of transfer events was found after injection of the mesophyll into unmacerated stripped leaf tissue (Fig. 2) .
Dye injected into mestome sheath cells traveled first to other mestome sheath cells and then again a narrow fluorescent trace showed up in the central part of the minor vein several minutes after injection (Fig. 3) . The band was brighter than the fluorescence in the mestome sheath. Location and width (4 um) of the fluorescent band did not coincide with the xylem vessel in control pictures.
The success rate of dye transfer was much higher in minor 0 FIGS. 1 and 2. (1), An isolated minor vein of C. benghalensis, from which the xylem vessel has been removed (xI 00). Proto-and metaphloem sieve tube with their sieve plates (arrows) are readily visible. (2) , Lucifer Yellow CH transfer from mesophyll to sieve tube after intracellular injection of a mesophyll cell in unmacerated stripped leaf tissue of C. benghalensis (X400). The injected cell is brightly fluorescent (arrow). Dye displaced from the mesophyll to the mestome sheath (bright strip at the lower left-hand side) and subsequently arrived in the sieve tube (narrow faint band in the center of the vein) after less than 3 min. Plant Physiol. Vol. 88, 1988 FIGS. 3 and 4. (3), Disodium fluorescein transfer from mestome sheath to sieve tube in a partly isolated minor vein of C. benghalensis (X400). Dye was transferred from the injected mestome sheath cell (arrow) to the sieve tube within 1 min. (a), Control picture; (b), the trace of dye runs parallel with the xylem vessel, but sometimes follows another course and is much narrower than the vessel. At places, the fluorescence is filtered by covering mesophyll cells. (4), Lucifer Yellow CH transport in a longitudinal strand of mestome sheath cells in a partly isolated minor vein of C. benghalensis (x400). Dye injected into a mestome sheath cell (arrow) was transferred over a distance of only a few cells from the point of injection.
veins within unmacerated stripped leaf tissue than in partly isolated minor veins. Transfer of dye injected into mestome sheath cells of isolated veins often remained restricted to a few cells (Fig. 4) . This may be due to the preceding maceration causing closure of the plasmodesmata.
It is likely that the electrodes injected most of the times into vacuoles considering the very thin cytoplasmic layer in mesophyll and mestome sheath cells (12) . The vacuole did not retain the dye, though the tonoplast is impermeable to fluorescent probes (8) . The apparent damage done to the tonoplast allows considerable leakage into the cytoplasmic compartment, from which dyes can move to other cells. That damage of the tonoplast can liberate the dye is shown by the fact that dye initially retained by the injected vacuole of internode parenchyma cells oftomato, immediately spreads to other cells when the tonoplast is blown by a current pulse above a certain threshold (C van der Schoot, AJE van Bel, unpublished results).
Cell-to-cell transfer was relatively slow. It occurred via the plasmodesmata which are the cytoplasmic cell-to-cell transport bridges (9) , as breakage of the plasmodesmata by plasmolysis inhibited the intercellular transport of fluorescent probes (1, 4) . The relatively quick dye transfer in the sieve tubes (Fig. 2) is thought to result from mass flow driven by a pressure gradient.
In a monocotyledon, vein architecture enables the photosynthate to move in both directions from the tertiary cross-veins to the parallel veins of the second order (1 1) along a pressure flow gradient. The bidirectional dye transfer in Commelina does fit to the expected in vivo direction of assimilate transfer, in contrast to the observed bidirectional dye movement in veins of the dicotyledon Ipomaea (8) . The present data also conform with the ultrastructure of C. benghalensis minor veins (12) , inasmuch as a continuing symplastic path was demonstrated from mesophyll-to-thick-walled metaphloem sieve tube, between which numerous plasmodesmatal connections occur (12) . The thin-walled sieve tube was symplastically isolated in C. benghalensis minor veins (12) . Hence, the results are interpreted as dye displacement from mesophyll to metaphloem sieve tube. The width of the fluorescent path in the vein is about 4 ,um which is close to the diameter of the metaphloem sieve tube (12) . Despite all this, we may not fully exclude that the dye moves in the phloem parenchyma symplast. In case of transfer through the phloem parenchyma one cannot explain, though, why the dye moves faster in the narrow central band, as transfer velocities in phloem parenchyma and mestome sheath cells are presumed to be similar.
At first sight, the symplastic dye transfer from mesophyll to sieve tube seems to support the concept of symplastic loading.
This evidence, however, is not conclusive. It still needs to be demonstrated that the apparent symplastic route is used for the transfer of photosynthate, since the ultrastructure of the minor vein of Commelina also allows apoplastic loading via the thinwalled sieve tubes (12) .
